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Abstract 
Michael D. Strane 
 
Slip Rate and Structure of the Nascent Lenwood Fault Zone, Eastern 
California 
 
(Under the direction of Dr. Michael Oskin) 
 
 
 Mapping of a 15 by 3 km Airborne Laser Swath Mapping (ALSM) survey 
centered on the northern Lenwood fault in the Eastern California shear zone (ECSZ) 
reveals offset of Late Quaternary strata and illustrates the depositional history of the 
Miocene Pickhandle and Barstow Formations. Two Late Pleistocene alluvial fan 
generations, unit K and unit F, were correlated based on surficial weathering and 
desert pavement characteristics.  Cosmogenic 10Be dating of these units yields ages 
of 38 ± 4 ka and 240 ± 40 ka, respectively (1σ uncertainty).  A set of K alluvial fans 
are offset 30 ± 5 meters along the fault, yielding a slip rate of 0.8 ± 0.2 mm/yr (2σ 
uncertainty).  Total dextral offset of the Lenwood fault is determined to be 1.0 ± 0.2 
km based on displacement of the Lenwood anticline. At its present rate of slip, the 
Lenwood fault may have initiated as recently as ~1 Ma. The results of this study 
combined with other fault slip rates in the central Mojave Desert reveal a pattern of 
heterogeneous, slow strain accumulation across the ECSZ.  
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Slip Rate and Structure of the Nascent Lenwood Fault 
Zone, Eastern California 
Introduction 
 Discrepancy between the high geodetic strain rate and low fault slip 
rates of the eastern California shear zone (ECSZ) is a poorly understood 
problem in the tectonics of the Pacific-North America plate boundary (Dixon et 
al., 2000; Peltzer et al., 2001; Oskin and Iriondo, 2004; Figure 1). As part of a 
larger study to further understand this problem, I studied a portion of the 
Lenwood fault to determine its slip history and the distribution of fault activity 
using a 48 km2 high-resolution topographic survey and cosmogenic dating of 
displaced features. The purpose of this investigation is to determine if the 
Lenwood fault’s slip rate, when combined with the rates of the other faults 
spanning the southern portion of the ECSZ, equals the slip rate required to 
match geodetic data. This project involved detailed field mapping of both 
Quaternary and Miocene markers of fault-slip to calculate rate and total 
displacement, respectively, along a 15 km-long section of the northern Lenwood 
fault south of Barstow, California (Figure 2). This study also provides new 
understanding of early to middle Miocene deposition in the region. 
The ECSZ is a 100-km wide zone of concentrated shear strain 
accumulation within a region with a lower background strain rate (Savage et al., 
1990, 2001). A total of 6 major strike-slip faults comprise the southern ECSZ in
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the Mojave Desert. From west to east, these are the Helendale, Lenwood, Camp 
Rock, Calico, Pisgah-Bullion, and Ludlow faults (Figure 1). The geodetic 
displacement rate measured across these faults, 10-14 mm/yr (Sauber et al 
1994; Gan et al., 2000; Savage et al., 1990; Miller et al., 2001), requires that 
each of these faults have an average slip rate of approximately 2 mm/yr. 
Existing geologic and paleoseismic investigations in the ECSZ, conversely, 
indicate individual fault slip rates that are significantly less than 2 mm/yr (Hart et 
al., 1988; Oskin and Iriondo, 2004; Rockwell et al., 2000). 
  
Figure 1. A: Index map of Pacific–North America plate boundary through southwest North America. Principal faults are shown as thick black 
lines. Tectonically stable areas are outlined by dotted lines. Walker Lane and eastern California shear zone, shown as dark gray band 
encompassing network of active faults, absorbs 9%–23% of total plate boundary shear (Dixon et al., 2000; Dokka and Travis, 1990b). JDF—Juan 
de Fuca plate; MTJ—Mendocino triple junction. B: Map showing the location of the Lenwood fault within the ECSZ, as well the locations of the 
1992 Landers 1993 (Mw = 7.3) and 1999 Hector Mine (Mw = 7.1) earthquake epicenters marked by stars. The dashed box outlines the field area for 
this study. The ‘K’ and ‘P’ mark the location of the paleoseismic studies by Khatib (personal communication) and Padgett (1994), respectively. 
3
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Background  
Eastern California Shear Zone 
 The seismically active Mojave segment of the ECSZ consists primarily 
of northwest-striking dextral faults with the exception of the northeastern 
quadrant that is dominated by west-striking sinistral faults. Atwater (1970) first 
recognized that this fault system accommodates a portion of the motion of the 
Pacific plate relative to the North American plate. The ECSZ overprints an early 
Miocene phase of extensional faulting and basin formation (Dibblee, 1961; 
Dokka, 1983; Dokka, 1989; Dokka and Travis 1990a; Walker et al., 1995; 
Fletcher et al., 1995; Fillmore and Walker, 1996; Glazner et al., 2002). 
Deformation of the Mojave Desert region by right shear has been the subject of 
several tectonic reconstructions (Garfunkel, 1974; Dokka, 1983; Dokka and 
Travis, 1990a; Carter et al., 1987; Schermer et al., 1996; McQuarrie and 
Wernicke, 2005). About 65 to 100 km of displacement is estimated from offset 
markers and deformation of the boundaries of the Mojave ECSZ (Dokka and 
Travis, 1990a; Glazner et al., 2002; McQuarrie and Wernicke, 2005). 
 Dokka and Travis (1990a) estimate the initiation of the ECSZ between 
10 Ma and 6 Ma. This was supported by mapping that showed that the youngest 
dated rocks that are displaced the full amount by the Calico-Blackwater fault 
system belong to the middle Miocene Barstow Formation (Dibblee, 1968). More 
recent work indicates that many of the northwest striking, right-slip faults in the 
ECSZ could have initiated as recently as 1 Ma (Miller et al., 2001). This is 
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contradicted by Oskin and Iriondo (2004) who show that faulting initiated earlier 
than 3.77 ± 0.11 Ma based on 40Ar/39Ar dating of faulted basalt flows displaced 
by the Blackwater-Calico fault system. Initiation of faulting may have been 
diachronous across the Mojave ECSZ, with the westernmost faults, including the 
Lenwood fault, forming as recently as 0.7 Ma (Dokka and Travis, 1990a, 
Meisling and Weldon, 1989). 
Geodetic Studies in the ECSZ  
Global Positioning System (GPS) measurements provide short-term rates 
of slip across active faults (Thatcher, 1995). Generally, plate motions calculated 
from geodesy are consistent with longer-term rates of seafloor spreading 
(DeMets et al, 1994). GPS data are problematic for the ECSZ because of post-
seismic transient deformation following the Landers and Hector Mine 
earthquakes (Figure 1). Published geodetic interpretations attempt to remove or 
exclude sites contaminated by the post-seismic deformation following these 
earthquakes (e.g. Miller at al., 2001). However, uncertainty still remains and few 
GPS data exist from before the 1992 Landers earthquake.  
There is a long record of triangulation and trilateration data from prior to 
1992. Sauber et al (1986) determined a displacement rate of 6.7 ± 1.3 mm/yr 
across the ECSZ from these geodetic measurements. Although the monument 
network spanned the ECSZ from the Ludlow fault in the east to the Helendale 
fault in the west, their results produced a significant strain rate only for the 
region between the Helendale and Camp Rock faults. Their summed 
displacement rate of was calculated by simply multiplying the measured strain 
  6
rate over the width of the shear zone between these faults. Sauber et al. (1994) 
revised this rate upwards after modifying their calculations of strain east of the 
Camp Rock fault. They also introduced an elastic model of strain for the shear 
zone with multiple discrete faults underlain by a zone of distributed ductile 
deformation. With these corrections they calculated a strain rate of 12 ± 2 mm/yr 
prior to the Landers earthquake. This rate is identical to the rates shown by later 
GPS studies (Gan et al., 2000; Miller et al., 2001).  
Lenwood Fault Geology and Paleoseismology 
Dibblee (1964, 1967, 1968, 1970) first mapped the Lenwood fault in detail 
from the San Bernadine Mountains to Barstow, California. Based on this 
mapping, Dokka (1983) estimated 1.5 to 3.0 km offset of Miocene strata by the 
northern Lenwood fault. This offset slightly exceeds approximately 1 km of 
displacement of a distinctive xenolith-bearing basalt flow in the Fry Mountains by 
the southern Lenwood fault (Carlton, 1988).  
The Lenwood fault has been the subject of two paleoseismic studies that 
provide information on its Holocene earthquake history. Padgett (1994) 
recognized two coseismic ruptures and two triggered-slip events in the past 8 to 
9 ka, based on data from two trench exposures. Triggered slip occurs in the 
shallow part of a fault due to static stress change following a nearby earthquake. 
Based on geomorphic evidence that supports an average 3 m of displacement 
per coseismic rupture, Padgett suggested a slip rate of 0.5 mm/yr for the 
southern Lenwood fault (Padgett, 1994, Padgett and Rockwell, 1994). 
Paleoseismic investigations of the Lenwood fault by Khatib (personal 
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communication) found similar results. Both studies place the most recent 
earthquake in similar time ranges: < 2.5 ka (Padgett, 1994) and 1.5-2.0 ± 0.2 ka 
(Khatib, personal communication). Khatib (personal communication) noted that 
there appears to be regional clusters of earthquakes in the ECSZ between 0 to 
2 ka, 4 - 5.5 ka, and 8.5 -10 ka, based upon her work on the Lenwood fault and 
a synthesis of paleoseismic data by Rockwell et al (2000).  
Paleoseismic recurrence combined with 3 m average slip per event 
permits estimation of a Holocene slip rate for the Lenwood fault. If the Lenwood 
fault ruptures in segments, the data from Padgett (1994) and Khatib (personal 
communication) should be considered separately. Considered in this way, at an 
average displacement of 3 m per event, Khatib’s data records a slip rate of 0.67 
mm/yr based on two significant events in ~9 ka and Padgett (1994)’s data 
records a slip rate of 0.5 mm/yr based on one large event per 6000 years. 
However, if the Lenwood fault ruptures as a whole, then Khatib’s and Padgett’s 
paleoseismic data can be combined, with 3 significant events. At an average 
displacement of 3 m per earthquake this yields a slip rate of approximately 1.0 
mm/yr over the past 9 kyr. 
 
Methods and Data Collection 
Neotectonic Mapping 
 Neotectonic mapping of the northern Lenwood fault utilizes a high-
resolution airborne laser topographic survey generated by the NSF National 
Center for Airborne Laser Mapping (http://www.ncalm.ufl.edu; Shrestha et al., 
  8
1999). Data were collected over a 48 km2 area of the northern Lenwood fault in 
November 2003. The data were gridded into a 1 meter pixel digital elevation 
model (DEM) using lowest elevations measured within 1-meter boxes. The DEM 
was then imported into a geographic information system (ESRI ArcMap) for 
analyses and mapping.  
The entire 48 km2 ALSM dataset was mapped through field and 
laboratory methods. Field mapping occurred over 7 weeks in January 2005 and 
February of 2006. Color base maps for field data collection were generated at a 
scale of 1:5000 from hillshade and contour lines derived from the DEM. In order 
to quantify both total slip and slip-rate, equal focus was given to mapping the 
Miocene bedrock geology and the Quaternary surficial geology of the study 
area. Mapping of Quaternary units was extended in the laboratory using inset 
relationships observed in the field (Figure 2).  
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Figure 2 A) Hillshade relief map derived from ALSM topography of the northern Lenwood 
fault. Active faults (red) and inactive Miocene(?) normal faults (dark red) shown. B) 
Generalized geologic map of this area based on detailed mapping shown in Plate 1. 
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Miocene Stratigraphy 
 The Miocene stratigraphy exposed adjacent to the Lenwood fault 
comprises of two distinct sections separated by an angular unconformity (Figure 
3). Dokka (1989) correlated the upper strata to the Barstow Formation and 
named the lower strata the formation of Slash X Ranch. Based on the 
composition and texture of these units, I correlate the lower strata to the lower 
Miocene Pickhandle Formation of Fillmore et al. (1996), as initially defined by 
McCulloch (1952).  
Figure 3 shows a general stratigraphic column for the Pickhandle 
Formation of Stoddard Valley along the Lenwood fault. Stratigraphic thicknesses 
were estimated from map relations and cross sections A–A’ and B–B’ (Plate 1).  
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Figure 3. Stratigraphic column showing Miocene-age rocks exposed along the northern 
Lenwood fault near Daggett Ridge. Unit thicknesses derived from map relationships used 
to construct cross-sections A-A’ and B-B’. 
  12
 
 
The base of the Pickhandle Formation is a volcaniclastic breccia that 
nonconformably overlies Mesozoic plutonic rocks. Outcrops of this unit appear 
just east of the area (Dibblee, 1970). The lowest unit of the Pickhandle 
Formation exposed in this study area is a clast-supported, unsorted, mixed 
lithology conglomerate (Tmpc) that has local bedding and ranges from unlithified 
to well-lithified. A series of lens-shaped monolithologic, unsorted, massive 
megabreccia deposits with angular clasts up to 1 meter in diameter overlie and 
interfinger with this conglomerate. Two alternating megabreccia lithologies are 
recognized: granitic megabreccia composed primarily of quartz monzonite clasts 
with occasional lobes of granodiorite clasts (Tmpbg), and a metavolcanic 
megabreccia (Tmpbv) composed of clasts derived from nearby outcrops of the 
Jurassic Sidewinder Formation (Schermer and Busby, 1994). A distinctive 
interval interstratified with the conglomerate and megabreccia contains multiple 
flows of an olivine basalt (Tmpbo) up to 5 meters thick associated with an 
alternating white, black, gray, pink, brown, well-lithified, well-stratified, fine to 
medium grained sandstone (Tmps).  
Map relationships demonstrate significant tilting and erosion of the 
Pickhandle Formation prior to deposition of the Barstow Formation. Cross-
section B – B’ (Plate 1) shows tilting and faulting of the Pickhandle formation in 
the hanging wall of an inferred, large-offset normal fault. This fault is required to 
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separate the Pickhandle extensional basin from basement outcrops south of the 
map area where Pickhandle strata are absent.   
The base of the Barstow Formation in the vicinity of the northern 
Lenwood fault is defined by a gray-green, olivine-rich, glassy andesitic basalt 
(Tmbab) that drapes an eroded surface underlain by Pickhandle conglomerate, 
metavolcanic megabreccia, and granitic megabreccia. At one site in the northern 
part of the mapped area this basalt lies exposed at the base of the Barstow 
Formation and is conformable with the overlying units in the formation. The next 
unit in the Barstow Formation consists of a clast-supported, well-lithified, bedded 
conglomerate (Tmbc). The conglomerate interfingers with a well-bedded, lithified 
to unlithified, fine-grained lacustrine sandstone deposits (Tmbs). The Peach 
Springs Tuff of Glazner et al (1986) occurs within these subunits. The top of the 
Barstow Formation in the northern part of the study area consists of a marl bed 
overlain by additional clast-supported, unsorted, bedded conglomerate (Tmbc). 
In the southern end the study area, the marl bed is absent and the conglomerate 
is composed primarily of granitic clasts (Tmbgc).  
Quaternary Stratigraphy 
 Quaternary units are subdivided based upon three weathering-related, 
age-diagnostic criteria: (1) development of desert varnish and rubification 
(reddening) on surface clasts, (2) development of desert pavement and (3) 
smoothing of depositional bar and swale microtopography.  
Desert varnish is an accumulation of manganese oxides and clay 
minerals on the outside of the clasts that forms on physically stable rock 
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surfaces in arid environments (White, 1924). Related to desert varnish is 
rubification, a reddening of the underside of clasts in shallow soils caused by the 
accumulation of iron oxides. Desert pavement can be identified by the presence 
of tight interlocking clasts on the surface of an alluvial fan that creates an armor-
like surface, protecting the underlying alluvium and soil from erosion. Aeolian 
processes are primarily responsible for the formation of desert pavement (Bull, 
1991).  
Smoothing of microtopography is the gradual destruction of depositional 
alluvial landforms such as bars and channels. Bar and swale morphology is 
formed by the braided channel networks responsible for the deposition of the 
alluvial fan itself. Soil development and pavement development processes 
gradually smooth the bar and swale topography leaving desert pavement. 
Recognizable bar and swale morphology is generally only present in active 
washes, but can be preserved in very young alluvial surfaces and is useful for 
identifying Holocene alluvial fans (Bull, 1991). Dissection also serves to 
differentiate alluvial surfaces. Generally the more highly dissected fans are older 
(Bull, 1991), although the smoothing effects of soil and pavement development 
can offset formation of channels.  
The field mapping of the Quaternary geology along the Lenwood fault 
revealed a series of alluvial fan deposits of late Quaternary age. Table 1 
summarizes the morphologic and weathering criteria data for all the mapped 
Quaternary units.
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Table 1. Age-diagnostic alluvial fan surface morphology and weathering characteristics 
Surface Surface Morphology Surface Degradation Clast Weathering Clast Coating 
Pavement 
Development 
Qtt 
Centimeter to 
decimeter-high bar 
and swale 
morphology 
Sharp, vertical fan 
edges in consolidated 
deposits; frequently 
over-topped by wash 
alluvium 
 
Incipient grain-scale 
weathering and partial 
removal of impact abrasion 
marks 
None None 
Qtr 
Centimeter bar and 
swale morphology.   
Sharp to slightly 
rounded fan edges in 
consolidated deposits; 
frequently over-topped 
by wash alluvium 
 
Incipient grain-scale 
weathering and partial 
removal of impact abrasion 
marks 
None None 
Qtk 
Remnant, subdued, 
bar and swale 
topography; bars 
defined by elongate 
patches of larger 
clasts  
 
Fan surface edges 
slope near angle of 
repose, with slightly 
rounded upper fan 
surface edges; 
shallow channels cut 
fan surface 
Case-hardened, rounded 
clast surfaces well-
preserved on 
metavolcanic rocks but 
often removed from 
granitic rocks 
Brown to dark 
brown very 
thin varnish, 
rubification 
weakly 
developed 
Patchy and 
weakly 
developed 
with 
rounded, 
poorly inter-
locked clasts 
Qtf 
Smooth, subtly 
parabolic surface; 
sparse larger clasts; 
no bar and swale 
topography 
Rounded fan edges with 
gradient in varnished 
clast abundance; 
shallow channels 
absent 
Broken, angular fragments; 
significant granular attrition 
of granitic clasts 
Dark brown to 
black varnish up 
to 0.5 mm thick, 
dark rubification 
Extensive 
pavement of 
angular 
interlocking 
clasts, many 
overturned 
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Figure 4 Top: Qtk representative surface showing poorly developed desert pavement, 
light desert varnish and rubification, and subtle remnant bar-and-swale topography. 
Bottom: Qtf representative surface showing well-developed desert pavement, thick 
accumulation of desert varnish and rubification, and smoothed surface topography 
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Age of Deposition of the Basal Barstow Formation 
To date the onset of deposition of the Barstow formation in the field area, 
a sample from the Tmbab andesitic basalt flows was analyzed by the 40Ar/39Ar 
step-heating method. A fresh, glassy, vesicle-free sample was collected from a 
hillslope exposure located at 0503664 N, 3849629 E (all coordinates are UTM 
zone 11, NAD83 datum). A separate of matrix glass from this sample was 
analyzed by Dr. Alexander Iriondo at the U.S. Geological Survey Argon 
Thermochronology Laboratory in Denver, Colorado (Table 2). No plateau age 
could be obtained, and the isochron age did not yield satisfactory statistical 
constraints. The average age from all heat steps of 21.40 ± 0.50 Ma is taken to 
be the most representative of the age of the Tmbab flows (Table 2) and the 
base of the Barstow formation at Daggett Ridge. This age is consistent with the 
presence of the 18.4 ± 0.20 Ma Peach Springs Tuff (age from Nielson et al. 
1988) stratigraphically above the andesitic basalt flows (Figure 3). 
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B04 California basalt matrix J = 0.004885 ± 0.50% wt = 95.48 mg #107KD45 
 
 
Step 
Temp 
°C 
%39Ar 
of 
total 
Radiogenic 
Yield (%) 
39Ar 
(Moles 
x10-13) 
40Ar/39Ar Apparent  K/Ca 
Apparent 
K/Cl 
Apparent 
Age (Ma) 
A 750 0.8 62.5 .181 2.43949 5.62 24.96 21.37 ± 0.12 
B 850 8.4 70.3 1.93 2.51106 5.04 26.98 22.00 ± 0.04 
C 950 21.4 87.4 4.91 2.53384 4.29 27.96 22.19 ± 0.03 
D 1050 23.6 93.8 5.42 2.49706 2.09 29.26 21.87 ± 0.02 
E 1100 14.1 94.4 3.22 2.44619 0.86 34.03 21.43 ± 0.02 
F 1150 12.6 93.3 2.90 2.39401 0.39 40.34 20.98 ± 0.02 
G 1250 11.4 91.5 2.63 2.37325 0.25 37.48 20.79 ± 0.02 
H 1450 4.0 84.6 9.22 2.17286 0.14 5.55 19.05 ± 0.04 
I 1650 3.6 82.6 8.18 2.41145 0.21 28.09 21.13 ± 0.04 
      Total Gas Age = 21.51 
  91.6% of 39ArK gas on steps B through G Average Age = 21.40 ± 0.50 
Ages calculated assuming an initial 40Ar/36Ar = 295.5 
All precision estimates are at the one sigma level of precision.  
No error is calculated for the total gas age. 
 
 
Table 2. 40Ar/39Ar step-heating data for matrix glass separate from Tmbab andesitic basalt.
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Measurement of Cosmogenic 10Be in Quaternary Deposits 
 The Qtf and Qtk fan surfaces were targeted for cosmogenic dating in 
order to calculate the slip rate of the Lenwood fault and the folding rate of 
adjacent anticlines. The criterion for selection of sample sites includes thickness 
of the deposit, preservation of depositional surface, and proximity to features of 
interest, such as the Lenwood fault or a related set of folds. Sample pits were 
dug by hand in May of 2005, each to a depth of 150 centimeters or greater.  
 The Qtk sample site (Figure 5A) is situated 200 m from a scarp on the 
main trace of the Lenwood fault at UTM coordinates 506970 E, 3844624 N, in 
the southern part of the area. Both quartz-rich clasts and sand-sized sediment 
were collected from 5 depth intervals and from the fan surface. Quartz-rich 
clasts 2 mm and greater in diameter were selected individually from the pit. Bulk 
sand-sized sediment samples were taken from the same intervals as the clasts. 
Samples of both clasts and sediment were taken from a nearby active wash, 
above the head of the fan, to help to interpret cosmogenic inheritance of local 
sediment prior to deposition. 
 The Qtf sample site (Figure 5B) is proximal to a set of folds that deform 
Qtf deposits in the central part of the map area, at 0504189 E, 3848276 N. Both 
quartz-rich clasts and metavolcanic clasts were sampled. In general, the 
metavolcanic clasts are larger than other quartz-rich clasts.  
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Figure 5. Cosmogenic sample pit locations referenced to generalized geologic map (see Figure 2 for map explanation).  Light blue and 
light tan colors on detail maps show preserved depositional surfaces of Qtk and Qtf fans. A. Location of Qtf sample pit near active fold.  
B. Location of Qtk sample pit, just off Bureau of Land Management Road OM8.  2-meter contour lines are shown on each map. 
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Metavolcanic clasts were broken with a hammer to identify and select those with 
the highest percentage of quartz phenocrysts. 
 Samples were processed at the University of Minnesota Cosmogenic 
Nuclide Laboratory, headed by Dr. Lesley Perg. Quartz was purified from the 
250-500 µm grain-size fraction of crushed and pulverized samples, following the 
technique of Kohl and Nishiizumi (1992). 10Be targets were prepared for 
measurement on the Lawrence Livermore National Laboratory accelerator mass 
spectrometer. Further details on this process can be found in Appendix A (pg. 
45). Nuclide measurements, conducted on August 26, 2005, are summarized in 
Table 3.
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Sample # 
Average 
Depth 
(cm) 
Sample Type 
(S=sediment, 
C=clast) 
Concentration 
(105 atom/g) 
Error 
(105 atom/g) 
Qtk Alluvial Fan Samples 
LW05-012 0 S 10.91 0.131 
LW05-011 6 S 11.37 0.137 
LW05-010 32.5 S 10.16 0.121 
LW05-009 75 S 8.944 0.106 
LW05-008 135 S 8.236 0.192 
LW05-001 0 C 1.007 0.131 
LW05-003 32.5 C 8.210 0.102 
LW05-004 75 C 7.416 0.904 
LW05-005 135 C 7.344 0.186 
     
Qtf Alluvial Fan Samples 
LW05-006 0 C 27.42 0.284 
LW05-014 11.5 C 19.05 0.307 
LW05-016 44 C 23.91 0.371 
LW05-022 95 C 17.71 0.211 
LW05-013 145 C 12.87 0.157 
 
Table 3 10Be measurements for Qtk and Qtk alluvial fan samples.
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Discussion 
 Dating of Quaternary surfaces displaced by the Lenwood fault permits 
calculation of its long-term slip rate for comparison with geodetic data. In the 
following sections I will discuss the ages of the Quaternary surfaces and slip-
rate of the Lenwood fault. By measuring the total slip on the fault from offset 
Miocene markers I also test whether its total slip and slip rate are consistent with 
the mid-Quaternary initiation age proposed by Dokka and Travis (1990a). Lastly, 
I discuss the distribution and activity of structures within the Lenwood fault zone 
and the potential contribution of these features to explain the discrepancy 
between geologic and geodetic strain rates in the Mojave ECSZ. 
Age of Quaternary Surfaces 
Ignoring radioactive decay of 10Be, which is insignificant over the time-
scale considered here, in-situ accumulation of cosmogenic radionuclide (CRN) 
is modeled by the equation (Lal, 1991), 
,)/(0
*zz
id
dTePCC −+=  
where Ci (atoms g-1) is the inherited CRN concentration acquired prior to 
deposition, P0 is the constant rate of nuclide production at the Earth’s surface 
(atoms g-1 yr-1), T is the time of exposure, zd (cm) is the depth of the sample, and 
z* is a characteristic length scale of 60–110 cm for common rock and soil 
densities.  This length scale is calculated from the ratio, Λ/ρ, where Λ is the 
mean-free path spallation-producing particles, 165 g/cm2, and ρ is the density of 
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the rock or soil (e.g., Brown et al., 1992). Because the concentration of 10Be will 
decrease exponentially with depth, it is possible to model the age of a deposit as 
an idealized exponential fit to a series of samples taken at various depths from a 
pit dug into the deposit (Anderson et al. 1996; Perg et al., 2001). In this study, I 
used a least-squares linear regression to fit this production curve with a z* value 
of 85 cm appropriate for unconsolidated alluvium. I converted sample depths 
using the equation )/(
*
' zzdez −=  to develop a linear equation, '0TzPCC id += . The 
results of linear regression of the measurements provide a slope, P0T, and y-
intercept constant at z’=0, equal to Ci. Using a constant production rate, P0, 
derived from latitude and elevation of the sample sites, the age of the deposit 
can be calculated (Stone, 2000). P0 for the Qtk sample site is calculated as 9.8 
atoms g-1 yr-1, while the P0 for the Qtf sample site is calculated as 9.4 atoms g-1 
yr-1.  
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Figure 6. Least-squares linear regression fit for cosmogenic 10Be ingrowth at Qtk sample 
site. Two different size fractions analyzed independently give identical ages. Errors 
reported at 1σ. Samples converge on non-zero inheritance value at depth. Note that 
inheritance value differs significantly between sand-sized and pebble-sized samples. 
Modern inheritance is measured from active wash samples. This was found to be 
consistent with inheritance estimated for pebble-sized clasts but only slightly more than 
half the inheritance estimated for sand-sized samples. 
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 Figure 6 shows the age calculations for two different size-fractions 
from the Qtk sample site: quartz-bearing pebbles and sand. Both sample sets 
are well-fit by a simple exponential ingrowth curve, yielding consistent ages of 
38 ± 4 ka and 38 ± 5 ka. 
 The Qtf sample site did not yield an age model as simple as those from 
the Qtk sample site (Figure 7). To interpret an age, I incorporate a soil analysis 
of the Qtf sample pit performed by Dr. Missy Eppes at UNC-Charlotte. The most 
significant of her findings is a truncation horizon in the soil profile at 16 – 25 cm. 
Further results of the soil analysis can be found in Appendix B (pg 49).  
 To estimate an age of the Qtf surface, several assumptions are 
required. I assume that the erosion event marked by the truncation in the soil 
profile is essentially instantaneous and removed mostly soil and fines, leaving 
behind larger clasts as a lag deposit. I also assume that the amount of erosion 
cannot be determined, though it was likely less than the present soil thickness 
above the truncation horizon. After erosion, the lag deposit remained at the 
surface and thickening of the soil profile was achieved through aeolian dust 
accumulation.  
The sample at 13 cm is difficult to interpret because it is much younger 
than the samples above and below. This cannot be explained by mixing of 
samples from elsewhere in the soil profile. This sample is discarded from 
interpretation of the Qtf surface age because it is likely to have been significantly 
contaminated by wind-blown sand. This contamination affects this sample 
specifically because 1) predominantly sand-sized clasts were collected in order 
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to gather sufficient quartz-bearing material and 2) the sample was retrieved from 
a portion of the soil profile dominated by inflation via fine wind-blown materials 
rather than coarse fluvial sediment.  
The three samples below the truncation horizon are well-described by an 
exponential ingrowth curve. However, a unique age cannot be calculated for 
these samples because their depths have not been constant throughout their 
exposure history. Despite this uncertainty, the 10Be inheritance of 90 ± 12 ka for 
the sediments is well constrained by the lower portion of the ingrowth curve.  
Based on the assumption that the surface of the deposit is the remnant of 
a lag deposit from the erosion event and that it has the same source, the 
surface sample is inferred to have the same inheritance as the samples at 
depth. Subtracting this inheritance from the surface 10Be concentration yields an 
exposure age of 203 ± 15 ka. This age assumes that the surface lag deposit has 
been continuously exposed at the surface. The actual surface age could be 
greater due to burial of clasts prior to the truncation event.  
A better age model for Qtf would also incorporate 10Be ingrowth at depth. 
Determining a unique age model for the bottom three samples is not possible 
because neither the original depth of the samples nor the time spent at this 
depth are known. A 10Be in-growth curve extrapolated downwards from the 
surface sample shows a 60 to 80 kyr difference in age when compared to an 
ingrowth curve extrapolated upwards from the bottom three samples. This 
places the maximum age of the truncation event at 60 to 80 ka. However, 
because it is not known how quickly the overlying soil accumulated, the 
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truncation event could have occurred more recently. Most of the material above 
the truncation horizon consists of fines derived from windblown dust. Thus it is 
likely that the amount of material overlying the truncation horizon was less in the 
past.  If so, then the samples below the truncation horizon would have spent a 
greater period of time at shallower depths where 10Be production rates are 
higher. Thus the actual time since deposition of the lower portion of the sample 
profile is probably less than the maximum of ~280 ka determined by 
extrapolating an in-growth curve to the present surface. Combining this 
maximum age constraint with the minimum age constraint provided by the 
surface sample, I assign a conservative age of 240 ± 40 ka for the Qtf deposit. 
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Figure 7. Cosmogenic 10Be concentration versus sample depth for the Qtf surface sample 
site. Truncation event at 25 cm separates two ingrowth curves that bound the age of the 
deposit. Best approximate age assumes that the original thickness of the Qtf deposit 
prior to truncation was less than or equal to the present thickness. 
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 Slip rate of the Lenwood fault  
 The slip rate of the Lenwood fault is best estimated by the offset of Qtk 
terraces and adjacent hillslopes in the northern section of the field area. Three 
distinct offset markers are identified along an approximately 600 m length 
section of the fault: two dextrally deflected channels and the crest of a small 
ridge that forms a shutter ridge (Figure 8). Table 4 shows the measured offsets 
and confidence interval from each feature. 
Table 4 Deflected features along Lenwood fault 
Offset 
Number Location Distance 
 
Error
1 Northern Deflected Channel, Eastern Edge 29 8 
2 Southern Deflected Channel, Western Edge 30 13 
3 Shutter Ridge Crest 30 5 
 
Based upon these results, a best estimate of total offset since the incision 
of Qtk is 30 ± 5 m.  Dividing this offset by the age of Qtk fan surface (38 ± 8 ka) 
yields a slip rate of 0.8 ± 0.2 mm/yr.  This is calculated with 2σ error for the age 
and assuming the same level of confidence for the offset measurement. 
Displacement and age errors are combined as root mean squares. 
 The long-term (late Quaternary) slip rate for the Lenwood fault 
determined here is similar to rates of 0.5 mm/yr to 1.0 mm/yr estimated from 
paleoseismic recurrence.  The paleoseismic studies were done on the southern 
portion of the Lenwood fault and may suggest a steady slip rate during the late 
Pleistocene and Holocene.
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Figure 8. Offset channels that incise Qtk, and offset ridge crest are aligned after restoration of 30 ± 5 m of dextral fault slip. 
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Total fault slip and initiation of the Lenwood fault 
 Dividing total fault slip by slip rate yields an estimate of the time of 
initiation of the Lenwood fault. This analysis assumes that slip rate of the 
Lenwood fault has been constant since its inception. Ideally, a piercing line 
defined by the truncation of bedding in the Pickhandle Formation by the 
unconformity at the base of the Barstow Formation could be used to reconstruct 
a slip vector for the Lenwood fault. Unfortunately, this approach could not be 
applied because of the irregular thickness of the megabreccia beds and the 
highly oblique strike of the Pickhandle Formation with respect to the Lenwood 
fault. Instead, I reconstruct fault slip via the combination of displacement of the 
south-dipping contact between the Barstow Formation conglomerate (Tmbc) 
and the overlying Barstow Formation lacustrine sandstone (Tmbs) in the central 
map area (Figure 9) and the north-dipping contact between the Barstow 
formation and the Pickhandle Formation in north map area (Figure 10).  
Figure 10 shows the Pickhandle-Barstow contact approaching the fault 
on the north-dipping limb of the Lenwood anticline.  The western contact is not 
well-exposed but based on field observations of adjacent deposits has a high 
degree of confidence.  Similarly the eastern contact is also not well exposed, but 
also has a high degree of confidence based on field observations.   Beds within 
the Barstow formation do not match across the Lenwood fault to do match the 
deposits on the west side.  I attribute this mismatch to some NE-side vertical 
motion that has exposed deposits that are buried on the west side of the fault. 
The apparent dextral offset here is only 640 ± 50 meters. NE-side-up 
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displacement of the 17±4° dipping unconformity would account reduce the 
apparent displacement. 
Figure 11 shows the combined constraints from offset of both limbs of the 
Lenwood anticline. Assuming that the same amount and direction of fault slip 
explains both offsets, a range that combines 1000 ± 200 m of dextral 
displacement and 150 ± 50 m NE-side-up displacement can explain the 
combined offset data. Assuming a constant dextral slip-rate of 0.8 ± 0.2 mm/yr 
since fault inception, the Lenwood fault is estimated to have originated at 1.3 ± 
0.4 Ma (errors calculated as root mean squares). This early to mid-Quaternary 
inception age is consistent with the hypothesis of Dokka (1983) for westward 
migration of fault activity in the Mojave ECSZ.
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Figure 9. Geologic map showing 1.8 ± 0.1 km offset of the 17 ± 4° south-dipping southern conglomerate-sandstone contact (dashed 
line) in the Barstow formation by dextral slip on the Lenwood fault. See Figure 2 for explanation of units 
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Figure 10. Geologic map showing 640 ± 50 m offset of the 27 ± 4° north-dipping northern conglomerate-sandstone contact (dashed 
line) in the Barstow Formation by dextral slip on the Lenwood fault. See Figure 2 for explanation of units.  
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Figure 11. Schematic diagram showing the calculation of total slip along the northern 
Lenwood fault.  Each line represents a boundary on the possible combinations of vertical and 
horizontal offset that can explain offset of the southern (red lines) or northern (blue lines) 
limbs of the Lenwood anticline.  The yellow shaded area shows the intersection of these 
scenarios where the same slip-vector can explain both sets of offsets.  This set of scenarios 
corresponds to dextral offset of 1000 ± 200 m (1.0 ± 0.2 km) and NE-side-up vertical slip of 150 
± 50 m along the northern Lenwood fault.
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Distributed strain accumulation along the northern Lenwood fault  
 Typically, the long-term geologic slip-rate of a fault describes strain 
concentrated on a single structure. However, if strain is locally distributed 
among several structures, this slip-rate will not reflect the overall strain rate of 
the region. Mapping along the northern Lenwood fault revealed two distinct 
modes of strain accumulation. In the northern section of the field area, strain is 
concentrated along a single trace of the Lenwood fault. This region proved ideal 
to determine a slip-rate. Strain is much more distributed in the central and 
southern part of the field area. In these areas the zone of active faulting and 
folding locally exceeds 3 km in width. This zone terminates southward into a 
step-over characterized by numerous en-echelon fault strands. In the following 
sections I describe the evidence for distributed active faulting and I calculate the 
rate of folding on one of these secondary structures. 
 
Distributed faulting 
 Geologic mapping in the northern portion of the area shows several 
high-angle dip-slip faults cutting tilted strata of the Pickhandle Formation. These 
faults are shown in cross section A – A’ (Plate 1). This fault set is not observed 
to cut the overlying Barstow Formation, nor do these faults cut Quaternary 
deposits. These faults could be interpreted as Miocene normal faults cutting 
tilted strata, accommodating moderate (~15%) extension. The faults are 
oriented consistently with NE-directed extension documented elsewhere in the 
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region (Fletcher et al. 1995). Alternatively, these faults could be reverse faults 
that were later tilted to a vertical dip via folding of the Lenwood anticline.  
 In the central and southern portions of the area, the ALSM topography 
reveals subtle 15-50 cm high scarps cutting alluvium up to 1.5 km from the main 
Lenwood fault trace. These scarps measure up to 350 meters in length and cut 
across both active Holocene alluvium and older Pleistocene terraces (Figures 
12 and 13). These fault scarps indicate distributed activity within a Lenwood 
fault zone up to 3 km across. 
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Figure 12. Fault scarps, barely detectable in the field, approximately 15 cm high, revealed in hillshade image derived from ALSM 
data. A. Aerial photograph with ALSM derived contour data set. B. Hillshade image derived from ALSM data. C. fault strands 
mapped onto hillshade image.
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Figure 13. Faults cutting Holocene alluvium identified with ALSM data. Fault scarps are 20-30 cm high. A. Aerial photograph with 
ALSM derived contour data set. B. Hillshade image derived from ALSM data. C. fault strands mapped onto hillshade image.
  41
 
 
 The southern most trace of the Lenwood fault mapped for this study is 
dominated by distributed faulting. No dominant fault strand is evident, but rather 
dozens of low scarps in an en-echelon configuration are developed in eroded 
hills of Barstow Formation conglomerate (Figure 14). All of these scarps are 
approximately 1 meter in height and do not show evidence of significant dextral 
offset. I interpret these scarps as Holocene fault ruptures based upon the 
degree of preservation found in the field. This zone of distributed faulting 
extends approximately 2.0 km beyond the southern end of ALSM data, where 
the Lenwood fault reappears as a discrete strand cutting basement (Dibblee, 
1970). 
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Figure 14. Distributed faulting in a linkage zone forming in a step-over on the Lenwood fault. A. Digital orthophoto and USGS 5-m 
contours lines. B. Hillshade image generated from the 1-meter ALSM DEM. Arrows point to fault scarps illuminated by shadows 
and bright lines. C. Hillshade image, as in B, with fault strands mapped.
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A possible interpretation of this zone, based on the pattern of faulting, is 
that it is an incipient linkage between distinct sections of the Lenwood fault. 
Total dextral offset along the Lenwood fault north and south of this zone are 
similar. Thus distributed faulting here appears able to absorb at least 1 km of 
dextral displacement without forming a through going fault strand. 
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Analysis of Active Folding 
Three 200-m wavelength active folds occur as part of the distributed 
Lenwood fault zone in the central part of the study area. These folds deform the 
Barstow Formation and overlying Qtf and Qtk fan deposits. Although structural 
data for two of these folds are sparse, one fold is bisected by active channels 
that expose abundant outcrops of the underlying Barstow Formation sandstone 
(Tmbs). This provided a rich record of the structure of the fold (Figure 15). 
Figure 16 shows a cross-section of this fold based on this structural mapping. In 
this cross-section it can be seen that, relative to the regional 18° southward dip, 
the fold shows classic asymmetry associated with a north-vergent fault-
propagation fold (Erslev, 1991; Medwedeff and Suppe, 1997). 
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Figure 15 A) A map showing the location of a set of 200-meter wavelength active folds within the entire field area. The yellow line 
represents a fold axis. B) An overview of the region around the fold analyzed in Figure 16. Cross-section C – C’ is shown in with the 
thick black line. C) A close-up view of the analyzed fold showing the fold axis and structural measurements. 
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Figure 16. Cross section of active folding along Lenwood fault showing structural data and fold model based on Erslev’s (1991) 
trishear model for fault-fold propagation. See Figures 2 and 3 for explanation of units shown. The red line represents the fault 
forming a ramp stepping up from a decollement formed along the base of the Barstow conglomerate. The black lines represent the 
fold form as modeled by Allmendinger’s (2004) FaultFold program. 
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 I modeled this structure as a trishear fault-propagation fold (Erslev, 
1991) using the FaultFold program of Allmendinger (2004) (Figure 16). Trishear 
is a kinematic fold model for the rock deformation associated to a propagating 
fault tip line. In the model, a triangular zone of distributed shear expands ahead 
of the fault tip line. The hanging wall moves rigidly, parallel to the fault at a 
velocity equal to the incremental fault slip. The footwall is fixed. The rocks inside 
the triangular zone move according to a velocity field that satisfies the velocity 
conditions at the triangle boundaries, and ensures preservation of area during 
the deformation (i.e. incompressible flow, Zehnder and Allmendinger, 2000). 
The fault is modeled as originating from slip on a decollement along the Barstow 
sandstone-conglomerate contact. Folding is modeled as the fault propagates 
upward at a 35° angle from the 18° dip of the contact. This model predicts ~240 
meters of slip along fault to produce the observed fold structure.  
The contact relationship between the Qtf and the underlying (Tmbs) 
suggests that folding predates and continued through deposition of Qtf. Sections 
of the Qtf fan that are undisturbed by the folding show a 3.8% gradient, or ~2.2º 
slope. Comparing elevations of Qtf on either side of the fold shows 
approximately 20 meters of uplift on the Qtf terrace at the fold apex. Using the 
cosmogenic age of the Qtf surface, this extrapolates to an uplift rate of ~0.08 
mm/yr, and a slip rate on the decollement of 0.11 mm/yr. This slip rate is 14% of 
the slip rate on main trace of the Lenwood fault measured in the northern part of 
the study area, and supports that secondary structures, such as this anticline, 
can absorb a significant fraction of active fault slip. 
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Conclusion 
 Through neotectonic mapping of a 48 km2 high-resolution topographic 
data set and dating of offset Quaternary alluvial fans, I derive a new slip rate for 
the Lenwood fault of 0.8 ± 0.2 mm/yr. This rate of slip is significantly less than 
the average of ~2 mm/yr per fault required to balance the geodetic strain rate 
across the entire shear zone. The relatively high rate of slip for the Lenwood 
fault is surprising when compared to its low total offset of only 1.0 ± 0.2 km. This 
finding highlights the need for caution when comparing slip rates based on total 
fault slip (e.g. Dokka and Travis, 1990a, b) to geodetic data. At a constant rate 
of slip the Lenwood fault may have activated as recently as 0.8 Ma. Highly 
distributed faulting suggests that the Lenwood fault is a juvenile structure still in 
the process of organizing itself. 
 This study of the Lenwood fault is part of a broader study looking at the 
rates of strike slip faulting across the southern Mojave ECSZ. The goal of this 
study is to try and resolve differences between geologic slip rate and geodetic 
slip rates. Overall, my results, when combined with other published and in-
progress research, reveal that fault slip rates vary significantly across the ECSZ 
from 0.5 to 1.8 mm/yr (Oskin and Iriondo, 2004). These results contradict the 
paleoseismic study of Rockwell et al. (2000) that proposed similar fault slip rates 
and clustered earthquake activity across the shear zone. Despite new evidence 
for a faster slip rate for the Lenwood fault than estimated from paleoseismology, 
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overall there remains a deficit in the geologic rates with respect to faster 
geodetic rates in the Mojave ECSZ (Oskin et al., 2006) (AGU).  
My study highlights one possible mechanism to resolve the discrepancy 
between slow geologic and fast geodetic strain rates: active off-fault 
deformation. Analysis of active folding and the distribution of secondary faulting 
along the Lenwood fault supports that this deformation is an active process. The 
zone of activity adjacent to the Lenwood fault is up to 3 km across, and rates of 
displacement on these secondary structures can exceed 0.1 mm/yr. 
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APPENDIX A: Cosmogenic Dating Sample Preparation 
 
 The following is a general overview of the sample preparation steps. A 
more detailed, comprehensive methodology may be found in the Standard 
Operating Procedure manual at the University of Minnesota’s Cosmogenic 
Nuclide Laboratory, headed by Dr. Lesley Perg. 
 Cataloging the samples is the first step in processing. This involves 
weighing and measuring a selection of clasts to record an average clast size. In 
order to achieve optimal grain-size for chemical processing, the samples were 
crushed by a jaw crusher, milled into specific grain size with a disc mill, and 
sieved to medium sand size (250-500 µm). Carbonates, iron oxides and minor 
organics were then leached out in heated 6N hydrochloric acid. Next, samples 
were leached in 1% hydrofluoric (HF) and 1% nitric acids at 90°C for 12 hours in 
order to eliminate the feldspar and clay mineral fractions and to etch the outside 
of the quartz grains to remove any meteoric 10Be. The number of HF leach steps 
is commensurate to the amount of non-quartz minerals that remain in the 
sample. The amount of sample loss was monitored between each leach step; 
my samples had a moderate quartz fraction and required three HF leaching 
steps. During the first leaching step, the majority of non-quartz minerals were 
lost (approximately 60-65% of total sample). Step two and three etched the 
remaining quartz grains resulting in a 10-15% loss per leach.  
 Samples were then spiked with ~0.3 grams of 9Be (SPEX standard). 
This step ensures accurate measurement from the Accelerator Mass 
Spectrometer (AMS) 9Be/10Be ratio measurement. Spiked samples were 
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dissolved in a 3:1 HF:HNO3 solution and then placed on a hot plate so SiO2 
could be fumed away. Finally, perchloric acid is used to fume away the 
remaining fluorine ions.  
 Next, samples were run through anion followed by cation columns.  
The purpose of the anion columns is to remove impurities from the samples that 
may cause problems while being measured in the AMS. The cation columns 
separate beryllium (Be) and aluminum (Al) from each other. Our focus for this 
study is primarily on the Be from the cation columns.  
 Finally, the Be must be precipitated out of solution and packed in 
targets for AMS measurements. Be was precipitated out by neutralizing a Be 
and 6N HCl solution with 8N ammonium hydroxide. The Be precipitate gel was 
dried down in a hot block and then oxidized in a furnace at 750 °C. Oxidized 
samples were mixed with niobium powder, packed into a sample target, and 
shipped to the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence 
Livermore National Laboratory for AMS 10Be measurements.
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Appendix B: Cosmogenic Pit Soil Profiles 
To understand depositional characteristics of the alluvial fan terraces that 
were dated, a cursory soil profile was done by Dr. Missy Eppes of the University 
of North Carolina at Charlotte.  The following descriptions are from her field 
notes: 
Qtk Pit 
The Qtk is a straightforward latest Pleistocene simple soil profile 
consistent with others in the Mojave of that age, and shows no evidence of 
buried soils. Table 5 details a summary of the soil profile for the Qtk pit. 
Table 5 Summary of Qtk Pit Soil Profile 
Depth (cm) Horizon Remarks 
0-2 Av Very weak with no dust accumulation 
2-12 Bw  
12-77 Bt Good structure of Bt, Clay films are 1-2 diameter. 
77- 90+ Ck Weak reaction on large clasts. <0.5mm CaCO3 rinds on 
clast bottoms 
 
Qtf Pit 
The Qtf pit has complicated soil profile. Interpretation of the soil profile 
yielded a history involving alluvial fan deposition followed by a long period of 
stability, where in the lowest Bt horizons (25-70 cm) were developed. An abrupt 
and irregular boundary above the lowest Bt is evidence of a truncation event 
and/or a period of reworking of the upper portions of the Bt horizon. The 16-25 
cm horizon includes more abundant coarse (pebble & cobble) clasts than 
overlying, but the horizon is still dominated by silt. The lower boundary is abrupt 
and irregular suggesting an erosional unconformity with underlying horizon. At 
the depth 25-55 cm, there is evidence of a buried and truncated Bt horizon with 
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evidence of episodic dry and wet periods, shown as carbonate precipitated on 
clay films and vice versa. Table 6 summarizes the soil profile for the Qtf pit. 
Table 6 Summary of Qtf Pit Soil Profile 
Depth (cm) Horizon Remarks 
0-8 Av  
8-16 Bk/Buried Av 
horizon 
Buried Av horizon with overprinting of CaCO3. The 
boundary between this horizon and the underlying horizon 
is abrupt 
16-25 Av/Bk/Bt Av with overprinting of CaCO3. Possible weak stone line 
at 16 cm. More structure and reddening than 8-16. 
25-55 Bk/Bt  
55-70 Bk/Bt Less CaCO3 than higher in profile 
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